The ABCG5/G8 heterodimer is the primary neutral sterol transporter in hepatobiliary and transintestinal cholesterol excretion. Inactivating mutations on either the ABCG5 or ABCG8 subunit cause Sitosterolemia, a rare genetic disorder. In 2016, a crystal structure of human ABCG5/G8 in an apo state showed the first structural information on ATPbinding cassette (ABC) sterol transporters and revealed several structural features that were observed for the first time. Over the past decade, several missense variants of ABCG5/G8 have been associated with non-Sitosterolemia lipid phenotypes. In this review, we summarize recent pathophysiological and structural findings of ABCG5/G8, interpret the structure-function relationship in disease-causing variants and describe the available evidence that allows us to build a mechanistic view of ABCG5/G8-mediated sterol transport.
Introduction
Cardiovascular diseases are the leading cause of death globally (∼50% deaths of non-communicable diseases) with an estimated total global cost of $1 trillion (US Dollar) by 2030 [1] . Abnormal elevations in plasma cholesterol contributes to hyperlipidemia, a critical factor leading to cardiovascular diseases and other metabolic disorders [2] . Conversely, lipids are the primary component of cellular membranes, forming the natural barriers for intracellular compartments and the checkpoints during the transmission of molecules and signals from the extracellular milieu. As a key component of mammalian cellular membranes, cholesterol accounts for ∼40% of the total lipid content in the plasma membrane [3] and serves as the precursor molecule for steroid hormones that modulate gene regulation and for bile acids that are required for nutrient absorption. Cholesterol is the exclusive sterol synthesized from acetyl-CoA and utilized by mammalian species, although other sterols are an integral part of their diet. Non-cholesterol sterols (xenosterols) from plants, fish and other dietary sources exhibit poor bioavailability, with <5% absorption and efficient biliary elimination [4] . Since few cells have the capacity to metabolize cholesterol, elimination through biliary and intestinal secretion is essential to maintain homeostasis. Whether derived from the diet or de novo synthesis, sterols in peripheral tissues are mobilized to high density lipoproteins (HDL) and ultimately delivered to the liver or intestine for elimination in the reverse cholesterol transport (RCT) pathway [5, 6] . While elimination of excess cholesterol is vital for life, little is known about the mechanisms underlying the control of sterol shuttling across lipid-bilayer membranes.
Lipid-transport membrane proteins have been shown to be essential for the translocation of sterols and phospholipids to maintain lipid homeostasis, cellular functions, and the structural integrity of mosaic lipid bilayers [7] [8] [9] . ATP-binding cassette (ABC) transporters are major sterol exporters responsible for both cholesterol efflux from peripheral cells and the elimination of excess cholesterol and dietary sterols [10, 11] . ABC transporters comprise one of the largest evolutionarily conserved membrane protein families, which can transport a variety of substrates across the plasma membrane [12] . The minimal functional unit of an ABC transporter includes two transmembrane domains (TMDs) and two nucleotide-binding domains (NBDs), where the transport function is generally believed to be driven by the 'power stroke' upon the NBD dimerization, in which ATP is bound and hydrolyzed. Given such diversity in transport substrates, it is no surprise that the TMDs have been found to be structurally diverse, suggesting distinctive transport mechanisms for individual transporters [13] . Human subfamily-G transporters are mostly associated with lipid and sterol metabolism, including ABCG1/4/5/8. ABCG1 and ABCG4 mediate cholesterol trafficking in the plasma membrane and endosomes [14, 15] and are believed to regulate cholesterol homeostasis in the brain and the macrophage-rich tissues [16] . ABCG5 and ABCG8 function as a heterodimeric complex (ABCG5/G8) and are responsible for biliary and transintestinal secretion of cholesterol and dietary sterols. Inactivating mutations in ABCG5/G8 cause Sitosterolemia, a rare autosomal recessive disease [17] [18] [19] , and several missense mutations on either gene have been associated with lipid phenotypes, such as the appearance of gallstones or the elevation of low density lipoprotein (LDL) cholesterol levels [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . In vivo, the loss-of-function phenotype of ABCG5/G8 has been recapitulated by mouse models [32, 33] . Our recent determination of a crystal structure of human ABCG5/G8 (PDB accession number: 5DO7) represents the first high-resolution model of sterol/cholesterol transporters and provides a structural basis to further examine the function of ABCG5/G8 and its mechanisms on sterol translocation in cell membranes [34] . In light of this structural data and various lipid phenotypes of ABCG5/G8 variants, the objectives of this review are to summarize our mechanistic interpretation based on the ABCG5/G8 structure and to provide a structural basis of pathophysiological variants in the hepatobiliary cholesterol secretion.
ABCG5/G8, Sitosterolemia and cholesterol homeostasis
In normal diets, the levels of cholesterol and non-cholesterol sterols are usually equal. However, 50-60% of dietary cholesterol is absorbed, while <5% of the xenosterols are absorbed. When more plant sterols (the major type of xenosterols) are ingested, they compete with the bulk cholesterol for solubilization, thereby reducing dietary absorption of cholesterol and lowering plasma cholesterol [4] . However, the majority of xenosterols that enter enterocytes are immediately excreted via ABCG5/G8 back into the intestinal lumen. Human subjects that fail to actively prevent xenosterol absorption develop Sitosterolemia, a monogenic recessive disorder named after the most abundant dietary xenosterol, sitosterol. The disease was first described by Bhattacharyya and Connor [35] when they identified two sisters having tendon xanthomas with normal plasma cholesterol levels and high plasma plant sterol levels. Clinically, the illness has been characterized by elevated plasma plant sterols, premature atherosclerotic disease, and tuberous tendon xanthomas [36] . The Sitosterolemia locus was later mapped to chromosome 2p21 and subsequently linked to mutations in either ABCG5 or ABCG8 genes [17, 18, 37] .
In addition to elevated plasma sterols and xanthomas, Sitosterolemia is also characterized by hypercholesterolemia, premature cardiovascular disease, hematologic manifestations, arthritis and in rare cases hepatic failure. Hypercholesterolemia-induced premature cardiovascular disease can manifest as premature coronary heart disease or sudden cardiac death [35] . Hemolytic anemia, splenomegaly, bleeding disorders, and macrothrombocytopenia can result from the accumulation of plant sterols in platelet membranes, producing hypertrophic and hyperplasic dysfunctional platelets [36] [37] [38] [39] [40] . Due to similar clinical presentations, Sitosterolemia has been, in many cases, inaccurately diagnosed as familial hypercholesterolemia or idiopathic liver cirrhosis [18, 41] .
Mouse models of Sitosterolemia phenocopy features of the human disease, including elevated plasma xenosterols and low biliary cholesterol [32, [42] [43] [44] [45] . In addition, ABCG5/G8-deficient mice are infertile, a phenotype that is rescued by feeding a xenosterol free diet or the sterol absorption inhibitor, ezetimibe [33, 42, 45] . The expression of ABCG5/G8 protein is limited to the intestine, liver and gallbladder epithelium [17, 32, 36] . In addition to xenosterols, ABCG5/G8 mediates the final step of RCT by opposing absorption and promoting the secretion of cholesterol into the bile. Consequently, transgenic mice that overexpress the human transporters exhibit greater cholesterol elimination and are protected from atherosclerotic disease due to reduced cholesterol absorption and lower plasma cholesterol levels [46] . An ABCG5/G8 transgenic line in which expression was limited to the liver was only protected from atherosclerosis when treated with ezetimibe, indicating cooperative activity between liver and intestinal ABCG5/G8 to promote RCT [47] . Recent studies in tissue-specific ABCG5/ G8-knock-out (KO) mice reveal that activity in either organ is sufficient to protect from Sitosterolemia; however, cholesterol elimination is partially compromised, suggesting reductions in RCT [48] . In 2016, Albert Groen and his colleagues reported that ABCG5/G8 is the primary sterol transporter responsible for the elimination of dietary neutral sterols through transintestinal cholesterol efflux (TICE) [49] . What remains unclear is whether ABCG5/G8 has direct selectivity between cholesterol and xenosterols. Less than 5% of dietary xenosterols are normally absorbed, while sitosterol (the primary plant sterols in diet) in Sitosterolemia patients can accumulate to 100-fold higher than controls [50, 51] . The ABCG5/G8-deficient mice have shown higher accumulation of plasma xenosterols than cholesterol, nearly 300-fold increase, and the WT animals secrete xenosterols into the bile at higher rates than cholesterol [52] . In enterocytes, cholesterol is selectively esterified by acetyl-CoA acetyltransferase 2 (ACAT2), which provides a mean of differential absorption of sterols [53, 54] . However, the contribution of such ACAT2-depedent selectivity (<10-fold difference) is not enough to account for a much higher accumulation of xenosterols in patients or in model animals. It thus appears that ABCG5/G8 would play a critical role in such sterol selectivity, but a direct evidence from in vitro analyses remain to be determined.
Biosynthesis of ABCG5/G8
ABCG5 and ABCG8 genes are situated head-to-head on opposite strands and are separated by only 374 base pairs [17] . Their proximity and opposite orientation suggest that these genes share a common, bidirectional promoter and regulatory elements. The latter have been identified within the intergenic region, including the nuclear transcription factor Hepatocyte Nuclear Factor 4 alpha (HNF4α), GATA4, and GATA6 [55] . Liver receptor homolog-1 (LRH-1) binding has been mapped between 134 to 142 nucleotides of the intergenic region [56] . Although no specific response elements have been identified for the Farnesoid X Receptor (FXR/ NR1H4), FXR plays a prominent role in transcriptional control of ABCG5/G8 via bile acid signaling [57] . Administration of cholic acid in mice enhances ABCG5/G8 transcription, which is FXR-dependent and may be partially mediated by Fibroblast Growth Factor 15/19 (FGF15/19) and/or inhibition of Nuclear Factor kappa-light-chain-enhancer of active B cells (NF-κB) [58] [59] [60] [61] . Two liver X receptor (LXRα and LXRβ) response elements have also been mapped in ABCG5 and ABCG8 genes [62] . Additional transcriptional regulation includes a Forkhead Box Protein O1 (FOXO1) when insulin signaling is compromised [63] . HNF4α is thought to play a prominent role in ABCG5/G8 tissue-specific expression, which can be partially explained by epigenetic regulation. In tissues that do not express ABCG5/G8, chromatin in the regulatory region is methylated and histones are acetylated [64] . Studies of recombinant proteins in heterologous systems reveal that both ABCG5 and ABCG8 are glycosylated, depend on calnexin and calreticulin chaperones proteins for folding, and require dimerization to exit the endoplasmic reticulum [65, 66] . Regulation of trafficking and activity of the mature, post-Golgi complex is poorly understood but may be regulated by bile acids, sterols, and cAMP signaling [44, 62, 67] . Not all ABCG5/G8 appears to reside at the cell surface, suggesting that intercellular pool may be mobilized to promote cholesterol secretion [67, 68] . However, the underlying molecular mechanisms that regulate the distribution and activity of the ABCG5/G8 transporter have yet to be elucidated.
Catalytic asymmetry in ABCG5/G8
Each ABC transporter comprises two nucleotide-binding composite sites, where the Walker A motif of one NBD is paired with the ABC signature motif of the other NBD [69, 70] . ABCG8 contains a degenerate Walker A motif (GSSGCGRAS, RA instead of the consensus sequence KS or KT), whereas ABCG5 has a degenerate ABC signature motif (ISTGE, instead of LSGGQ/E). Therefore, one of the ATP-binding sites presents a degenerate motif, while the other presents a conserved motif, which is the only one able to support ATP hydrolysis. This catalytic asymmetry was exemplified as the functional asymmetry of biliary cholesterol secretion by using recombinant adenoviruses of ABCG5/G8 mutants in ABCG5/G8-deficient mice [71] . When Walker A or Walker B in ABCG5 was mutated, biliary sterol secretion was prevented. On the other hand, when mutating the corresponding residues in ABCG8, there was no effect on the biliary sterol secretion. In addition, mutations on the ABC signature motif of ABCG5 showed no effect on the biliary sterol secretion, as opposed to mutations of corresponding residues in ABCG8, where there was prevention in the sterol secretion [72] . As a result, these studies concluded that the conserved nucleotide-binding site was active and essential for the biliary sterol secretion.
ABCG5/G8 structure: a new molecular framework to study membrane sterol transport A tour-de-force effort to determine the first crystal structure of sterol/cholesterol transporters: To establish the structural basis of ABCG5/G8-mediated sterol transport, we need the information on structural changes during the sterol-transport and catalytic cycles. To determine the first ABCG5/G8 structure [34] , the major challenge was four-fold: (1) protein preparation, (2) crystal growth, (3) data collection of X-ray diffraction, and (4) data processing and model building. First, to obtain optimal protein preparations suitable for crystal growth, proteins had to be purified in maltose neopentyl glycol (MNG) detergents, chemically modified by cysteine alkylation and lysine methylation, and relipidated using synthetic phospholipids. MNG detergents [73] , derived from alkyl maltosides, carry two long hydrocarbon chains as mimetics to phospholipids, which may contribute to better protein stability than those purified in commonly used dodecyl-or decyl-maltosides (DDM or DM). Their low critical micelle concentration (CMC) also makes it advantageous to obtain purified proteins at low detergent concentration, a critical factor of membrane protein crystallization. Second, bicelle crystallization and inclusion of cholesterol were essential in the development of crystals capable of diffracting X-ray to almost 3 Å. Third, each crystal was highly prone to X-ray radiation damage, such that a limited number of diffraction images could be collected per crystal. Several small and isomorphous datasets were thus necessary to obtain a complete dataset for structural determination. Last, no previously determined ABC transporter structures were sufficient for crystallographic phase evaluation to calculate the initial model of ABCG5/G8. Only a handful of heavy metal-derivatized crystals could be obtained to carry out anomalous diffraction analysis; de novo model building was therefore necessary. The final refinement led to the very first and experimentally determined atomic model, albeit at a modest 3.9 Å. This nevertheless provides a new and unique structural framework of ABCG5/G8 to further study its mechanism in sterol transport and reveals several never-before-seen structural motifs, which may play a critical role in determining how ABCG5/G8 (and perhaps other ABC sterol/cholesterol transporters) carry out substrate translocation through cell membranes. In the following sub-sections, we will highlight the functional implications of these structural motifs based on the above-mentioned studies in human genetics, cell and animal physiology.
Triple-helical bundles between nucleotide-binding and TMDs ( Figure 1A-C) : The structure of the heterodimeric ABCG5/G8 consists of an extracellular domain (ECD) that is in intimate contact with the compact TMD, and, despite the absence of ATP, the NBD maintains a tightly closed dimer. At each nucleotide-binding site, the ABC cassette and the TMD are in close proximity to a triple-helical bundle that consists of the connecting helix (CnH), the coupling helix (CpH), and the E-helix. The conserved Q-loop of ABC proteins is also located in this region. The triple-helical bundle may therefore serve as an immediate interface between NBD and TMD.
TMD polar relay ( Figure 1D,E) : A cluster of polar amino acids are located in the transmembrane segments and on the triple-helical bundles. These amino acids are evolutionarily conserved and can form a polar relay through hydrogen bonds or salt bridges. We postulate that the TMD polar relays provide a certain degree of flexibility for the TMDs, possibly preserving favorable polar interaction within these conserved residues when proteins engage in conformational changes during sterol-transport cycles.
Putative sites for sterol binding and/or entry ( Figure 1F ): A vestibule configuration is formed by the ECDs and the transmembrane helices at the protein-lipid interface, and site-directed mutation of an interfacial alanine of ABCG5 (G5-A540F) blocked biliary cholesterol secretion in a transgenic mouse model [34] . This suggests the amino acid A540 is associated with sterol recognition, sterol entry, and eventual sterol translocation. Close inspection of the vestibular surface shows that several conserved aromatic amino acids are in close proximity to this area. Speculatively, this microenvironment may confer substrate specificity to cholesterol and non-cholesterol sterols.
Structural basis of ABCG5/G8 variants in Sitosterolemia and lipid phenotypes
The atomic model of ABCG5/G8 now enables us to inspect a series of missense mutations of ABCG5/G8 on the structural basis. As illustrated in Figure 1 , the majority of residues that carry Sitosterolemia mutations can now be localized, and of particular note, these mutations occur mostly within the structural motifs that were first described in ABCG5/G8 structure (Table 1 ). In addition, polymorphic variants have been shown to cause gallstones or the elevation of LDL-cholesterol (LDL-C) levels in the plasma [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Similarly, we can map three residues on the crystal structure, which are situated on or near the structural motifs as described above (Table 2) . Therefore, knowing how these structural motifs contribute to ABCG5/G8 function will be important to further examine the mechanistic basis of the disease-causing mutations. The crystal structure of ABCG5/G8 (PDB accession number: 5DO7) is plotted in cartoon presentation, with conserved amino acids colored in light orange (center). Residues whose missense mutations cause Sitosterolemia are highlighted in colors based on their maturation in cells. Green: ER-escape; red: non-ER-escape; blue: unknown. Residues whose missense mutations cause gallstone and other lipid phenotypes are plotted in gray. Only three can be localized in the current crystal structure. A540 on ABCG5 is highlighted in black. G5: ABCG5; G8: ABCG8. (A and B) The Do we know the mechanism of ABCG5/G8-mediated sterol transport?
Previous physiological studies indicated the asymmetric usage of the two nucleotide-binding sites in ABCG5/ G8 using mouse models [71, 72] and the requirement of bile acids to stimulate cholesterol efflux using primary cells [74, 75] . In vitro, the ATPase activity was shown to be responsive to bile acids, a primary component in the bile micelles [76] . The initial analysis using molecular dynamics simulation [34] suggested that a TMD upward movement and an NBD inward movement could occur simultaneously (Figure 2A ). The evolution analysis showed that several co-evolved pairs, conserved but more than 8 Å apart in current apo structure (PDB accession number: 5DO7), may come in contact at another stage during the transport cycle [34] . The later suggests that the TMD of ABCG5 and that of ABCG8 may move towards each other at a certain time of the transporter function ( Figure 2B ). However, it is yet to be determined whether these two events in Figure 2 may occur at the same time or at different stages. It also remains unknown how ATPase activity is coupled to these predicted TMD movements. However, with the mapping of disease mutations on the newly observed structural motifs in ABCG5/G8, we can speculate that structural changes at or near these motifs may play significant roles in regulating ABCG5/G8 function. Further structural and functional studies will allow us to propose a more defined mechanism of ABCG5/G8-mediated sterol transport.
Perspectives
• Importance of the field: Protein structures encode their functions. The structural determination of ABCG5/G8 sterol transporter opens the door to further biochemical and biophysical investigations on its structure-function relationship and the mechanistic understanding of transporterdriven sterol efflux. The new structural fold of ABCG5/G8 serves as a more relevant molecular framework to understand the mechanistic basis of cholesterol/xenosterol transport and its disease-causing variants. As exemplified by recent reports of ABCA1 and ABCG2 structures [77, 78] , ABCG5/G8 has also provided a new template to model functionally or structurally homologous ABC transporters.
• Current thinking: The crystal structure of ABCG5/G8 in an apo state provides a structural glimpse of how the conserved structural motifs are hotspots of pathogenic mutations in ABCG5/G8. The structural motifs may also form the mechanistic basis of ABCG5/ G8-mediated sterol translocation across the cell membranes. In addition to biliary sterol secretion, we now know that ABCG5/G8 regulates TICE activity in the small intestines and the LDL cholesterol levels in the plasma and that ABCG5/G8 resides on the cell surface and in the intracellular organelles to regulate secretion and storage of cholesterol and xenosterols.
• Future directions: While this structural study suggested a putative sterol-binding site [34] , we still lack a robust way to examine in vitro how sterols are recognized and translocated by ABCG5/G8. Therefore, there is an urgent need to develop assays to further define sterolbinding and transport activities. In addition, what will need addressing in the future studies includes: (1) How exactly does ECD, triple-helical bundles or TMD polar relay participate in ABCG5/G8-mediate sterol transport and its regulation? (2) How is the signal of the ATPase activity coupled and transmitted to the movement of sterol molecules across cell membranes? 
